Abstract Effective and compact deodorization systems have been required for the measure of small-scale emission sources of offensive odors usually found in urban areas. We have developed a sheet material with titanium dioxide (TiO 2 ) photocatalyst supported on fiber activated carbon (FAC) for a compact deodorization system. In the deodorization system using the TiO 2 /FAC sheet and a ultraviolet lamp, malodorants can be collected on the TiO 2 /FAC sheet by adsorption and then decomposed by photocatalysis with UV-irradiation. In this study, we obtained basic information about the removal and the decomposition of malodorants in the photocatalytic deodorization system using the TiO 2 /FAC sheet. The malodorants used in this study were methyl mercaptan, ammonia, and hydrogen sulfide. In addition, two kinds of light sources, a black light bulb (BLB; dominant wavelength: 365 nm) and an ultraviolet germicidal lamp (UV2; dominant wavelength: 254 nm) were used to analyze the effect on removal and decomposition characteristics by different dominant wavelengths. The removal rates of malodorants from the gas phase were determined in the deodorization system in the presence or absence of the TiO 2 /FAC sheet and UV-irradiation in order to study each removal effect due to adsorption onto the TiO 2 /FAC sheet, direct photolysis by UV-irradiation, and photocatalytic decomposition. The effect of adsorption onto the TiO 2 /FAC sheet was pronounced in this batch-type experiment. The effect of photocatalysis was observed from the removal rates of methyl mercaptan. The percent oxidation of ammonia to nitrate and that of methyl mercaptan to sulfate were examined by determining products, i.e. nitrate and sulfate ions, with purified water after the reaction. The formation of nitrate or sulfate was not observed without UV-irradiation using the BLB, while the reactions progressed in the presence of the TiO 2 /FAC sheet. When the UV2 lamp was used, the oxidation of methyl mercaptan to sulfate occurred without the TiO 2 /FAC sheet. This suggests that the decomposition characteristics of malodorants were dependent on the wavelength of the light source.
Introduction
Offensive odors in urban areas have been raising the numbers of complaints in Japan. Since the emission sources of the odors are usually small-scale, it has been necessary to develop effective and compact deodorization systems.
We have developed a sheet material consisting of titanium dioxide ( TiO 2 ) supported on fiber activated carbon (FAC) for a compact deodorization system (Nozawa et al., submitted) . Irradiation with a wavelength less than 380 nm produces holes and electrons in TiO 2 , and the holes (which have strong oxidative activity) and the electrons move toward the surface of TiO 2 . The holes and hydroxyl radicals to which water molecules are converted by the holes can oxidize and decompose malodorous substances. Recent studies have indicated that TiO 2 photocatalysts are available for deodorization (Watanabe and Hashimoto, 1998) . In order to react effectively on a TiO 2 photocatalyst, malodorants should be immediately collected close to the surface. There are some studies for deodorization using a TiO 2 photocatalyst combined with a zeolite (Mune et al., 1995) or powder activated carbon (Murasawa, 1996; Mishima and Miwa, 1998) as an adsorbent. We introduced FAC as a supporting material of the TiO 2 photocatalyst because it is not only a prominent adsorbent, but also able to be easily processed and formed. In the deodorization system using the TiO 2 /FAC sheet material and an ultraviolet (UV) lamp, malodorants are expected to be collected from the gas phase to the surface of the TiO 2 /FAC sheet by adsorption, then decomposed by photocatalysis with UV irradiation.
In this study, we demonstrated the deodorizing effect of the system using the TiO 2 /FAC sheet material on typical malodorants such as ammonia (NH 3 ), methyl mercaptan (CH 3 SH, MM), and hydrogen sulfide (H 2 S). The removal rates of malodorants from the gas phase were determined in the deodorization system in the presence or absence of the TiO 2 /FAC sheet and UV-irradiation in order to study each removal effect due to adsorption onto the TiO 2 /FAC sheet, direct photolysis by UV-irradiation, and photocatalytic decomposition with both the TiO 2 /FAC sheet and irradiation. There are previous reports studying the difference between adsorption onto a photocatalyst and photocatalysis (Mune et al., 1995; Takaoka and Ebihara, 1995; Murasawa, 1996) , but we have not been able to find a study of deodorization distinguishing photocatalysis from photolysis. In addition, the reaction products, such as sulfate, were determined to examine whether the malodorants can be oxidized to the ultimate oxidation products. There are few reports studying the reaction products or the yields of this process in photocatalytic deodorization in gas phases (Canela et al., 1998; Noguchi et al., 1998) . In an aqueous phase, Bosen et al. (1998) reported that ammonia was converted into nitrate and nitrite by TiO 2 photocatalyst. No report was found regarding the products from methyl mercaptan by photocatalysis.
Furthermore, two kinds of light sources with the different dominant wavelengths, a black light bulb (BLB; 365 nm) and an ultraviolet germicidal lamp (UV2; 254 nm) were introduced to analyze the effect on removal and decomposition characteristics by different wavelengths.
Materials and method

Experimental apparatus
The sheet material used in the experiment consists of 20% TiO 2 , 40% FAC, and the rest of binders. The weight per surface area is 197 g/m 2 . A piece of the TiO 2 /FAC sheet (3.5 cm ¥ 3.5 cm) is placed at a distance of 1 cm from a light source in a 1 L glass bottle. Two lamps with different dominant wavelengths, a black light bulb (BLB; 11SC-1L, UVP Inc.) and an ultraviolet germicidal lamp (UV2; GCL212, Light Source Inc.), were set as light sources in the apparatus. The dominant wavelengths are 365 nm and 254 nm, respectively. A malodorous gas was prepared by mixing a concentrated malodorous gas from a gas cylinder with air. The gas in the bottle was replaced with a malodorous gas. Then, at the beginning of the batch-type experiment, a sheet was put in the bottle, the bottle was sealed, and the light was turned on.
Removal of malodorants from the gas phase
The experimental runs used for determining removal rates of malodorants are shown in Table 1 . Four different runs were used in the presence or absence of the TiO 2 /FAC sheet or UV-irradiation. Two types of light sources were used in each run with UV-irradiation; therefore, the total runs were six for every malodorous substance. Targeted substances were ammonia, methyl mercaptan, and hydrogen sulfide. The concentrations of the malodorants in the gas phase were monitored in the course of 30 minutes by measuring from the sampling valve.
Recovery of the oxidation products
To recover the oxidation products of malodorants such as nitrate and sulfate, the TiO 2 /FAC sheet and the internal surface of apparatus were washed three times with 30 mL of purified water after the reaction. In order to examine the time course of the reaction, several batchtype experiments were carried out in each condition for different periods. The aqueous solutions were filtered, and the ion concentrations of nitrate, nitrite and sulfate were measured. Ammonia and methyl mercaptan were used in the experiment as malodorants.
Analytical procedure
Concentrations of malodorants (NH 3 , CH 3 SH, H 2 S) and the reaction products (NO, NO 2 , SO 2 ) in gas phase were measured by using gas detective tubes (Gastec Corp.). Ions such as nitrate (NO 3 -) and sulfate (SO 4 2-) were measured by using ion chromatograph (IC7000E, Yokogawa Analytical Systems Corp.).
Results and discussion
Removal rates of malodorants from the gas phase Determination of the removal rate constants of malodorants. We assumed that the batchtype deodorization system used in this study had four removal effects of malodorants from the gas phase: (a) adsorption onto the inside of the apparatus; (b) adsorption onto the TiO 2 /FAC sheet; (c) direct photolysis by UV-irradiation; (d) photocatalysis with both the TiO 2 /FAC sheet and irradiation. Therefore, four different combinations of the TiO 2 /FAC sheet and the light sources listed in Table 1 were used in order to analyze the removal rates by each effect. If each removal effect is followed by a first-order reaction expressed as -dC /dt = kC i.e. linear relationship expressed as ln C / C 0 =-kt, the effects of (a), (a)+(b), (a)+(c), and (a)+(b)+(c)+(d) would be observed in Run 1, Run 2, Run 3, and Run 4, respectively. When the rate constants in Runs 1-4 are represented as k 1 -k 4 , the rate constants of (a), (b), (c), and (d) can be represented as k 1 , k 2 -k 1 , k 3 -k 1 , k 4 -(k 1 +k 2 +k 3 ), respectively. TiO 2 /FACsheet - Figure 1 shows the change of the removal of methyl mercaptan from the gas phase in the use of the UV2 as an example. The vertical axis expresses the logarithm of residual ratio (C / C 0 ) of methyl mercaptan in the gas phase. We regarded this removal in the first 30 minutes as a pseudo first-order removal reaction; consequently, the removal rate constants could be determined from the slope of the lines in Figure 1 . The removal rate constants of each malodorant were determined by using the same procedure and were listed in Table 2 . As can be seen in the table, the removal rate constant of adsorption onto the TiO 2 /FAC sheet was considerably larger for every malodorant. This indicates that malodorous substances in the gas phase were immediately collected on the TiO 2 /FAC sheet by adsorption. In addition, the removal rate constant of methyl mercaptan was quite large in the use of UV2, even without the TiO 2 /FAC sheet.
Analysis of each effect in the deodorization system. As mentioned above, the removal effect in Run 4 was considered to include not only photocatalysis, but also the adsorption onto the apparatus and the TiO 2 /FAC sheet, direct photolysis (a)+(b)+(c)+(d). To examine the single effect of photocatalysis with the TiO 2 /FAC sheet under UV-irradiation, the rate constants in Table 1 were analyzed. Figure 2 shows the comparison of converted removal rate constants for every malodorant. One is derived from Run 1, Run 2, and Run 3, namely, the sum of the adsorption onto the TiO 2 /FAC sheet (= k 2 -k 1 ) and the direct photolysis (= k 3 -k 1 ). The other is the removal rate constant, including the effects of photocatalysis derived from Run 1 and Run 4, i.e., the sum of the removal rate constants of adsorption onto the TiO 2 /FAC sheet, photolysis, and photocatalysis (= k 4 -k 1 ). It can be said that the former indicates the effects of (b)+(c) and the latter shows the effects of (b)+(c)+(d). The ratios of the latter constants to the former are also shown in Figure 2 . When the ratio is more than 1, it can be considered that there is the effect of photocatalysis. In the figure, the left side shows the results using the BLB, and the right side shows those using the UV2. As seen in Figure 2 , removal effects of photocatalysis were observed for Figure 2 Comparison of the removal rate constants with and without photocatalysis methyl mercaptan in both light sources. However, removal effects of photocatalysis could not be remarkably observed from the rate constants for ammonia and hydrogen sulfide. Photocatalysis in the deodorization system with the TiO 2 /FAC sheet and UV-irradiation might gradually progress over a long time; therefore, the effect may not be observed in a short period because of the significance of the adsorption effect with the TiO 2 /FAC sheet.
Removal characteristics of malodorants by light sources with different dominant wavelengths.
The removal rate constants for each malodorant in the system with UV-irradiation were compared to reveal removal characteristics of each malodorant by different wavelengths of light sources. Since the light intensities were different between the BLB and the UV2, the rate constants in the presence of irradiation cannot be directly compared with each other. However, it was expected that the difference of the tendencies could be observed by means of their removal rate constants.
In Figure 3 , the rate constants of photolysis (= k 3 -k 1 ) and those of photolysis and photocatalysis (= k 4 -k 2 -k 1 ) with different light sources were shown for each malodorant. In case of irradiating the BLB, it can be seen that there was not much difference between the removal rates of malodorants by direct photolysis, and the removal rate of methyl mercaptan was a little larger in the presence of the TiO 2 /FAC sheet. On the other hand, in case of irradiating the UV2, the removal rate of methyl mercaptan was remarkably larger than the others, and the similar tendency was observed in the presence of the TiO 2 /FAC sheet. Accordingly, it was found that the removal characteristics of malodorants depend on the dominant wavelengths of the light sources.
Oxidative decomposition of malodorants
Oxidative decomposition of ammonia to nitrate. The effect of photocatalytic decomposition for malodorants was partly observed by analyzing the removal rates of malodorants from the gas phase as mentioned above. However, the effect was not sufficiently identified, and it was difficult to find how the reactions progressed by analyzing the removal rates of malodorants from the gas phase. Most of the reactions in the deodorization system were supposed to proceed on the TiO 2 /FAC sheet, so the products on the TiO 2 /FAC sheet were determined.
It can be assumed that nitrate (NO 3 -) and nitrite (NO 2 -) were ultimately produced by the oxidative decomposition of ammonia in the deodorization system. Therefore, nitrate and nitrite ions were measured in the apparatus and on the TiO 2 /FAC sheet. Figure 4 shows the change of the percentage oxidation of ammonia to nitrate. This was caluculated by molar amount of nitrate produced by the reaction (n NO3,t ) when the molar amount of ammonia at the beginning of the reaction (n NH3,0 ) was regarded to be 100%, i.e. n NO3,t /n NH3,0 ¥ 100. The graph on the left refers to use of the BLB, and the graph on the right refers to use of the UV2. Nitrite was hardly detected, so it was omitted here. The percent oxidation to nitrate in the absence of either UV-irradiation or the TiO 2 /FAC sheet were not raised significantly in the use of either lamp; however, in the presence of both the TiO 2 /FAC sheet and UVirradiation, the oxidation into nitrate progressed. It was suggested that the oxidation of ammonia to nitrate occurred with the TiO 2 photocatalyst. The remaining nitrogen not converting to nitrate might be ammonia or the intermediate products.
Oxidative decomposition of methyl mercaptan to sulfate. In a similar manner with ammonia, the percent oxidation of methyl mercaptan was determined. Sulfate (SO 4 2-) can be considered as an ultimate product by the oxidative decomposition of methyl mercaptan in the deodorization system, so the percent oxidation of methyl mercaptan to sulfate, i.e. n SO4,t /n MM,0 ¥ 100, was calculated. In Figure 5 , the results were shown for each light source. In the irradiation of the BLB, similar to the response of ammonia, the oxidation of methyl mercaptan to sulfate hardly progressed without either the TiO 2 /FAC sheet or UVirradiation, but the presence of both the TiO 2 /FAC sheet and UV-irradiation allowed methyl mercaptan to change to sulfate. On the other hand, in irradiating the UV2, methyl mercaptan was also oxidized to sulfate by UV-irradiation alone. The results suggested that the decomposition characteristics of malodorants vary with the dominant wavelengths of light sources.
The dominant wavelengths of the BLB and the UV2 are 365 nm and 254 nm, respectively. Consequently, it can be said that under irradiation with a wavelength of 254 nm, methyl mercaptan is effectively decomposed to sulfate by not only photocatalysis but also photolysis. It is known that methyl mercaptan is led to radical cleavage by the light with 254 nm, and combining the two molecules produces one dimethyl disulfide molecule (Steer and Knight, 1968) . This reaction is supposed to be the first step in oxidation to sulfate. It is expected that a similar reaction would progress on the TiO 2 /FAC sheet with UVirradiation.
Conclusions
The deodorization system using a titanium dioxide photocatalyst supported on fiber activated carbon was applied to the deodorization of typical malodorous substances such as ammonia, methyl mercaptan, and hydrogen sulfide. The characteristics of removal and decomposition of malodorants was investigated using two light sources with different wavelengths by determining the removal rates from the gas phase and recovering the oxidation products. The main results are summarized as follows:
• The removal rates of malodorants from the gas phase indicated the effect of photocatalysis for methyl mercaptan.
• Ammonia and methyl mercaptan were oxidized to nitrate and sulfate, respectively, by photocatalysis in the presence of both the TiO 2 /FAC sheet and UV-irradiation.
• Methyl mercaptan was effectively decomposed by irradiation with UV light of 254 nm even without the TiO 2 /FAC sheet. The decomposition characteristics of malodorants were suggested to be different with the dominant wavelengths of light sources.
